Transcription activator-like effector nucleases (TALENs) are valuable tools for precise genome engineering of laboratory animals. Here we utilized this technique for efficient site-specific gene modification to create a fumarate hydratase (FH) gene knockout rat model, in which there was an 11 base-pair deletion in the first exon of the FH gene in 111 rats. 18 live-born targeted mutation offsprings were produced from 80 injected zygotes with 22.5% efficiency, indicating high TALEN knockout success in rat zygots. Only heterozygous deletion was observed in the offsprings. Sixteen pairs of heterozygous FH knockout (FH+/-) rats were arranged for mating experiments for six months without any homozygous KO rat identified. Sequencing from the pregnant rats embryo samples showed no homozygous FH KO, indicating that homozygous FH KO is embryonically lethal. Comparatively, the litter size was decreased in both male and female FH+/-KO rats. There was no behaviour difference between the FH+/-KO and the control rats except that the FH+/-KO male rats showed significantly higher body weight in the 16-week observation period. Clinical haematology and biochemical examinations showed hematopoietic and kidney dysfunction in the FH+/-KO rats. Small foci of anaplastic lesions of tubular epithelial cells around glomeruli were identified in the FH+/-kidney, and these anaplastic cells were comparatively positive for Ki67, p53 and Sox9, and such findings are most probably related to the kidney dysfunction reflected by the biochemical examinations of the rats. In conclusion, we have successfully established an FH+/-KO rat model, which will be useful for further functional FH studies.
targeted genome editing technology have emerged, including zinc finger nucleases (ZFN) [4] , transcription activator-like effector nucleases (TALENs) [5] and the recently developed clustered regularly interspaced short palindromic repeat (CRISPR) [6] , all useful to efficiently modify the genome DNA sequence. TALENs are customizable, DNA binding nucleases that can be targeted to bind almost any sequence in the genome. Every TALEN is consisted of two domains, one is composed by repeating units to form DNA binding domain, and the other is FoK I endonuclease, which has the unspecificity activity of endonuclease. Each repeating unit is composed by 33-35 amino acids, and the adjacent amino acids of 12 and 13 can specifically recognize DNA nucleotide sequences, such as the amino acids of NI, NN, NG, HD can identification A, G, T, C bases, respectively. Therefore, TALEN can edit the genome with higher accuracy and specificity, which can be easily designed, cloned, assembled and tested in a molecular biology laboratory.
In this study, we utilized the TALENs for efficient site-specific gene modification to create a novel genefumarate hydratase (FH) knockout (KO) rat model. FH plays an important role in the Krebs tricarboxylic acid (TCA) cycle, which catalyses the hydration of fumarate into malate. Heterozygous mutations of FH are responsible for atypical uterine leiomyomas [7] , hereditary leiomyomatosis [8] and renal cell cancer [7, 9] . Moreover, it was shown that FH deficiency could lead to metabolic disorder with severe encephalopathy, seizures, and poor neurological outcomes [10] . Dysfunctional FH in cells and tissues attributes to accumulating high levels of fumarate, which has been proposed to promote cancer development, indicating a tumor suppressor of FH [7] . The purposes of our current study are to explore whether germ-line FH KO rats could be generated and to know the general influence of the FH KO in the rat model.
rEsULts tALEN design and assembly
TALEN plasmids targeting FH gene by using the Golden gate method were constructed and illustrated graphically in Figure 1A and 1B. All TALENs targeted the rat FH gene, in which the repeat unit of TAL specifically binds the DNA sequences and the pair of Fok I endonuclease precisely knockouts the FH sequences. Four pairs of TALEN plasmids targeting on the exon 1 of FH gene are shown in Table 1 . The most effective plasmid was screened, showing that the FH-T3 has the most effective activity ( Figure 1C ).
TALEN efficiency and TALEN-targeted product sequencing
TALEN mRNAs were injected into the cytoplasm of 1-cell SD rat embryos in vitro and then the embryos were transferred to pseudopregnant recipients. In total, 18 liveborn targeted mutation offsprings were produced from 80 injected zygotes. The offsprings were then sequencingly screened for targeted disruption of FH exon 1 as illustrated in Figure 2B . The wild type (WT) sequence was found identical to that in the rat genome database (Figure 2A ). Compared to the sequence in the WT rats, heterozygous rat founders were identified with 11 base deletions in one allele in exon 1. The mutation is a non-triple base deletion as shown in Figure 2C1 , marked in red, and an early terminator "taa" was created in the exon 1 transcript as shown in Figure 2C2 marked in purple, which resulted in a very short transcript.
Litter size observation and embryos sequencing
To explore whether FH+/-influenced litter size, the following mating experiments were performed: female founder rats mated with WT SD males, and heterozygous offsprings mated with heterozygous offsprings. Interestingly, compared with the reproduction capability shown by WT/WT mating, the litter size was declined with 27.4% when heterozygous KO rats mated with WT rats, and declined with up to 40.0% when heterozygous KO rats mated to heterozygous KO rats as shown in Figure  3A . The litter size of the heterozygous FH KO (FH+/-) rat was increased in the heterozygous mating groups than in the heterozygous with WT mating groups, with a rate of 58.0%, compared to the rate of 29.6%. However, no homozygous FH KO rats were found in a total of 16 pairs of the heterozygous KO and heterozygous KO mating rats within the six month experiment. In order to further clarify embryo lethality of homozygous FH KO, embryos from E8.0 ( Figure 3B ) and E15.0 gestation rats ( Figure 3C ) were obtained. PCR products from these embryos were applied for DNA sequence analysis as illustrated in Figure 3D1 (WT) and Figure 3D2 (FH+/-). Again, no homozygous FH KO rat was revealed in these embryos, indicating FH-/-KO embryo lethality.
FH+/-KO resulted in reduced FH gene and protein expression
To further analyze the FH+/-status in the rats, the expression of FH gene and protein was analyzed with RT-qPCR and Western blotting, respectively. Compared with the WT rats, the expression of FH gene was variably declined in the tissues of the heart, liver, lung, kidney, brain, spleen, stomach and testis as shown in Figure 4A , with a reduce rate of up to 67.2% in kidney (P < 0.001). Similarly, the expression of FH protein in the FH+/-KO rats was also variably reduced in the tissues of the heart, liver, lung, kidney, brain, spleen, stomach and testis as shown in Figure 4B , and the histograms of the protein expression are shown on Figure 4C , with a reduction rate of up to 16.3% in the kidney (P < 0.001). Expression of FH www.impactjournals.com/oncotarget protein was also examined with an immunofluorescence microscope in the primary fibroblasts isolated from the FH+/-KO rats and control rats. As shown in Figure 4D , cytoplasmic FH protein expression is detected in the fibroblasts of the control rat, but reduced immunostaining was revealed in the fibroblasts of the FH+/-KO rat.
Behaviour observation
There was no behaviour difference between the WT and FH+/-KO rats except the body weight. As shown in Figure 5A , the FH+/-male rats show significantly higher body weight within the 16-week observation period ( Figure 5B ), although the female FH+/-rats ( Figure 5C ) show no body weight difference within the same observation period. The maximum difference was observed at about 12-week in the FH+/-KO males with up to 81.0% higher body weight (P = 0.012).
Clinical haematology and biochemical examinations
To explore whether FH+/-could influence haematological and biochemical molecule changes, a series of related blood samples were examined. All the measurements are shown in Table 4 . As shown in Figure 6A1 , compared with the WT rats, the values of white blood cell (WBC), platelet hematocrit (PCT), %mononucleosis (%MONO), #lymphocyte (#LYMPH) and #eosimophil (#EOS) in the FH+/-KO rats were observed decreased with 49.0% (P = 0.004), 14.7% (P = 0.039), 24.5% (P = 0.025), 51.6% (P = 0.007) and 58.0% (P = 0.023), respectively, and the differences were consistent in both male ( Figure 6A2 ) and female ( Figure 6A3 ) rats. The lymphocytes of the FH+/-KO rats were found morphologically immature ( Figure 6B2 ), compared to the lymphocytes in the control rats ( Figure 6B1 ). In addition, it was found that blood urea nitrogen (BUN) and creatinine (CRE) in the FH+/-KO rats were increased with 20.1% (P = 0.012) and 12.7% (P = 0.010), respectively, compared to the control rats ( Figure 6C1 ). In addition, the blood UA was decreased in the FH+/-KO rats as well, with about 25.0% reduction (P = 0.024), and this difference was consistent in both male ( Figure 6C2 ) and female ( Figure 6C3 ) rats, suggesting hematopoietic and kidney dysfunction in the FH+/-KO rats.
Histological and immunohistochemical evaluation
Based on the abnormal findings of kidney function in the FH+/-KO rats, histological and immunohistochemical evaluation of the rat kidneys was further performed (Figure 7) . Histologically, small foci in the medullary part of the kidney in the FH+/-KO rats revealed anaplastic alterations with prominent pleomorphic larger nuclei and slightly coarse chromatin in the tubular epithelial cells around glomeruli. Those anaplastic larger epithelial cells were positive for Ki67, although the tubular epithelial cells in the same area in the control rats were largely negative or weakly positive. The same was for the p53 immunostaining. In the kidney tubular epithelial cells in the control rats, the p53 immunoreactivity was largely negative. However, areas of the kidney tubular epithelial cells in the same part in the FH+/-KO rats were positive for the p53 expression. More prominent difference was seen in the Sox9 immunostained slides. While the kidney tubular epithelial cells in the control rats were negative or weakly positive, the kidney tubular epithelial cells in the same part in the FH+/-KO rats were strongly positive for the Sox9 expression.
DIscUssION
To our knowledge, this is the first FH+/-KO rat model established using the genome editing technology TALEN. We show on this report that the mutation results in a deletion of 11 bases in the first exon in one allele and due to the non-triple base deletion, an early terminator is created in the transcript, which generates the FH+/-rats. Although it is a heterozygous knockout, decreased mRNA and protein expression of the FH could be verified in both tissues and primary cells of the FH+/-KO rats in our study. It is verified in our current study, although the new technology CRISPR/Cas9 is easier to use as indicated in literature [11] [12] [13] , careful application of TALENs is still applicable in such studies. Furthermore, the established FH+/-KO rat model will be useful for the studies of energy metabolism and the Warburg effect [14] as well.
Recently, the study of the FH has been a hot issue. It has been reported that the mutation of FH gene in the NCCFH1 cell lines from a metastatic hereditary papillary renal cell carcinoma type 2 (PRCC2) results in glucosedependent growth and impaired oxidative phosphorylation, which is consistent with the Warburg effect [9] . A clinic study shows that the mutation of FH gene results in the Reed syndrome, which is an autosomal dominant disorder characterized by cutaneous leiomyomas, uterine leiomyomas [15] , and renal cell carcinoma [7, 16, 17] , possibly representing genetic heritage lesions [18] . In addition, FH deficiency also could lead to metabolic disorders with severe encephalopathy, seizures and poor neurological outcome [10] , suggesting an important role of FH in neurology as well. It is known that absence of FH in cells leads to an accumulation of fumarate, which will activate hypoxia-inducible factors (HIFs) at normal oxygen tensions [19, 20] . It is also known that mouse kidney cells, when their FH gene is knocked out, will survive with metabolic reprograming pathway beginning with glutamine uptake and ending with bilirubin [21] . FH-deficiency may activate the proto-oncogene ABL1 in kidney tumors, which may upregulate aerobic glycolysis via the mTOR/HIF1α pathway, being a promising target marker [22] .
In our study, we have generated an FH+/-KO rat model with TALEN technology. 18 live-born targeted mutation offsprings were produced from 80 injected zygotes, with 22.5% efficiency, indicating a relatively high TALEN knockout efficiency in rat zygotes. Interestingly, in an attempt to create FH KO rat experiment with 16 pairs of FH+/-KO rats, there were no homozygous FH KO rats observed within the six-month period for a total of four generations among the offsprings, strongly implying a possibility of embryo lethality of homozygous FH KO. Indeed, the sequencing of the E8.0 and the E15.0 gestation rat embryos did not reveal any homozygous FH mutation, which strongly support the embryo lethality discovered in the mouse study by Pollard PJ et al. [19] , indicating the fundamental role of this gene in the development of life. The reason that we did not observe any homozygous embryo in our current experiments may be explained by the possibility of dead embryo absorption in the early embryo development as revealed in the mouse study [19] .
Furthermore, we discovered reduced reproductive capability in the FH+/-KO rats. Compared with the WT rats, the litter size was decreased when the WT rats were mated with the FH+/-KO rats, and significantly reduced when FH+/-KO rats were mated with FH+/-KO rats, with about 40.0% reduction. Collectively, these results indicate reduced quality of sperm or ovum in the FH+/-KO rats, a scientific issue worthy of further study.
Interestingly, significantly higher body weight was disclosed in the FH+/-KO male rats within the 16-week observation period, but the FH+/-KO female curves for male rats and bodyweight curves for female rats, respectively. Compared to the WT rats, the male FH+/-KO rats show significantly higher bodyweights. * means P < 0.05, ** means P < 0.01, ***means P < 0.001. WT: n = 16, male = 7, female = 9; FH+/-: n = 14, male = 6, female = 8. rats did not show such a difference, a phenomenon meriting further studies. FH is a TCA cycle enzyme localized in the mitochondrial matrix, and the loss of FH enzyme activity will lead to disrupted TCA cycle, resulting in abnormal metabolism. This may be explained for the increasing bodyweight observed in the FH+/-KO male rats, although the molecular mechanism behind this is still a matter of study. However, it is difficult to explain why the bodyweight in female FH+/-KO rats is not similarly influenced. Apparently, the role of sex hormones in such a difference should not be excluded in the future study in terms of the bodyweight influence of the FH gene knockout.
Our clinical hematology and biochemistry analysis have shown reduced WBC, PCT, %MONO, #LYMPH, #EOS and immature lymphocytes in the FH+/-KO rats. All these decreased values refer to possibly abnormal hematopoietic function. In addition, there are increased values of CRE and BUN and decreased value of UA in the FH+/-KO rats as well, an indication of kidney dysfunction as reported by Cakir M et al. [23] . Unfortunately, bone marrow materials from these rats were not available for further hematopoietic stem cell study.
FH is an essential enzyme of the TCA that catalyses the hydration of fumarate into malate. Abnormal FH function/expression impairs mitochondrial function directly and has indirect effects on both glucose metabolism and oxidative phosphorylation by inappropriate activation of HIF1α and NRF2 [24, 25] . Recently, there are reports showing that the mutation of FH may initiate renal cell carcinogenesis [7, 9, 18, [26] [27] [28] [29] , implying tumor suppressor function of this gene. In our current study, we have histologically and immunohistochemically examined the kidney tissues. Histological evaluation of kidney samples does reveal foci of tubular epithelial cells around glomeruli in the FH+/-KO rats with anaplastic alterations, and these cells express higher levels of Ki67, p53 and Sox9. These findings may explain the kidney dysfunction observed by the blood biochemical examinations. Although we did not observe tumor formation in the kidneys of the FH+/-KO rats, the anaplastic lesions in the medullary field of the kidney may indicate an early tumor development process, and this finding merits additional studies. Ki67 is a cellular proliferationmarker and its high expression is always associated proliferation activity of tumor cells [29] . p53 is a well-known tumor suppressor gene [30] , and its high expression is often linked to p53 mutation, widely discovered in tumors. In addition, Sox9 is defined as a specific cancer stemness biomarker [31] . All these findings highlight the possibility of premalignant lesions of the epitheleial cells around the glomeruli in the FH+/-KO rats, although the p53 gene activity in these rats is current not clear.
In summary, we have successfully generated a TALEN-mediated FH+/-knockout rat model, and shown that homozygous FH knockout is embryonically lethal. The FH+/-KO leads to reduced gene and protein expression of FH in both tissues and primary cells, and the FH+/-KO rats show decreased litter size and increased body weight in male rats. In addition, the FH+/-KO rats show variable hematopoietic and kidney dysfunction revealed by blood examinations. Collectively, our results indicate the potential value of this FH+/-KO rat model in the studies of metabolic disorders and tumorigenesis in vivo.
MAtErIALs AND MEtHODs

Animals
The study was approved by our Animal Research Committee (notion no. SYXK 2011-0001) and performed at the Laboratory of Experimental Animal Center of Henan Province in accordance with Institutional guidelines. Eight female and eight male Sprague-Dawley (SD) rats, initially average body weight of 220 g, were used in this study, and all efforts were made to minimize distress. All the animals were kept in cages quilted with shavings and at a controlled temperature of (24 ± 2)°C under a 12 h light- 
TALEN construction
A pair of TALENs targeting exon 1 of the FH gene was selected as a target by using a web-based tool called TAL Effector-Nucleotide Targeter ( https://tale-nt.cac. cornell.edu/) [32] . Fok I nuclease functions as a dimer when it plays a key role to make double-strand breaks (DSB) in the DNA sequences, especially the length of the spacer can significantly affect the specificity of the TALENs. Therefore the TALENs were designed in pairs to precisely bind opposing DNA target sequence, which were separated by the spacer, in order to search for the potential targets. The optimal length for the activity of TALEN should be between 14-20bp and the length of the repeat units should be 16-18bp. Moreover, the TALEN target sequence was chosen in such a principle that each target sequence started after a T base and ended with a T base, which is illustrated in Figure 1A . TALENs were assembled using the TALE Toolkit (Viewsolid biotech, China) according to the manufacturer's introduction. Final constructs were produced in the pCMV-T7-taleFokI-L/R backbone plasmid. Four pairs of TALEN plasmids were designed as shown in Figure 1B and the targeted sequences are shown in Table 1 . TALEN mRNA was recovered by LiC1, washed and then resuspended in DEPC-treated H2O. The plasmids were extracted using E.Z.N.A ® Plasmid Midi Kit (OMEGA, USA), according to the manufacturer›s instructions. The most effective plasmid was screened by the Luciferase SSA kit (Viewsolid biotech, China). TALEN mRNA was stored at -80 °C until used for embryo injection.
Embryo microinjection
Female embryo donors were superovlated with 25IU of pregnant mare serum gonadotropin (Millipore, USA), followed by 25 IU of human chorionic gonadotropin (Millipore, USA) after 24 h, then caged with a male rat individually. The following day, donors were sacrificed and embryos were collected from the oviducts and incubated in M16 (Millipore, USA) at 37°C in 5% CO 2 air. Fertilized one-cell embryos were transferred to medium for microinjection and the mRNAs of the pair of most effective TALEN plasmids were mixed and injected into the cytoplasm. Embryos that survived the injection procedure were surgically transferred to the oviduct of SD female rats.
Mutation analysis
Offsprings from injected embryos were obtained and verified for the mutations of FH gene. Briefly, the tail snips (~1 cm) were cut from the 2-weeks age of offspring rats and the DNA were extracted by using the Tissue DNA Kit（OMEGA，USA） following the manufacturer's introduction. Then the extracted DNA was amplified by PCR, and the primers are shown in Table 2 . The conditions for PCR analyses were as following: 98°C 3 minutes; 98°C 10s, 60°C 20s, 72°C 20s, 35 cycles; 72°C 2 minutes and 4°C preservation. Subsequently, the products of PCR were sent to a company (Sagon biotech, China) to verify the mutation.
Biological behaviour analysis
Offspring of the verified FH+/-KO rats were mated with FH+/-KO or with wild-type (WT) rats, and the birth rate was recorded, with the wild type male/female or female/male mating SD rats as control. Meantime, the clinical observation was recorded including body weight, fur coloration and life behaviour. The bodyweight of the paired WT and FH+/-KO SD rats that were born at the same time was examined every two weeks. In order to explore whether there were homozygous FH KO embryos, the pregnant potential KO female rats were sacrificed at E8.0 or E15.0, and the embryos were applied for DNA sequences as mentioned above.
Primary cells extraction
The experimental rats were euthanized with 10% chloral hydrate and the lungs were collected as soon as possible. The materials were placed in PBS at 4°C, washed with new PBS and cut to tiny pieces before incubated with trypsin at 37°C 5 minutes as reported [33, 34] . Then tissue fragments inside the digestion solution were pipetted up and down to break the clumps and the supernatant solution was transferred to sterile 50 mL tubes containing warm DMEM/F12 media with 15% FBS and 1X antibiotic/ antimycotic solution. The above procedures were repeated 8-10 times, and all the solution containing singular cells was collected and centrifuged for 5 minutes at 1,000 g. The cells were then placed into a 10 cm culture dish with 10 ml warm DMEM/F12 media with 15% FBS, 1× antibiotic/antimycotic solution and incubated for 2h at 37°C in 5%CO 2 before the medium was replaced with new one.
Real-time quantitative polymerase chain reaction (RT-qPCR) Analysis
Total RNAs were isolated from tissue samples of rats using the Trizol (Invitrogen, USA) with the glass homogenizer at room temperature (RT). RNA concentration was determined by spectrophotometric analysis (Eppendorf, Germany), and the integrity was tested by the OD260nm/OD280nm absorption ratio (>1.7,<2.0). Reverse transcription reaction was applied with 2 µg of total RNA using the RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, USA) according to the manufacturer's instruction. Amplification reaction was performed by using the MiniOpticon detection system (Bio-Rad, USA) with the SYBR Premix Ex Taq II (Takara, Japan). The primers are shown in Table 3 and all PCRs were performed in duplicate and the reaction conditions are as following: 30s at 95°C, 40 cycles of 5s at 95°C and 30s at 60°C (LightCycler480, Roche, USA). The results of FH mRNA expression levels were calculated by using the comparative cycle threshold (CT) and the relative changes in the FH level were analysed with the 2 -ΔΔCT formula.
Western blotting
After the rats were euthanized, separate tissues of heart, liver, lung, kidney, brain, spleen, stomach and testis were collected as soon as possible and then placed in PBS at 4°C before washed and grinded in ice-cold RIPA lysis buffer by using the glass homogenizer. The lysates were then centrifuged and the supernatants were assayed for protein content. About 50 μg of proteins were fractionated on 10% polyacrylamide gel and transferred onto PVDF membrane from Millipore Corporation (Billerica, MA, USA). 50mM Tris-HCl (pH 7.5) buffer, 150 mM NaCl and 0.1% Tween 20 ( (TBS-T)) containing 5% non-fat dry milk to block the nonspecific binding sites of the membrane for 1 h at RT and incubated with primary anti-FH antibody (Abcam, USA) diluted in blocking buffer overnight at 4°C.
Membranes were incubated with the respective horseradish peroxidase-labelled secondary antibody for 1 h at RT. Then the proteins were revealed using a Pierce ECL kit (Thermo Scientific, USA) following the manufacturer´s instructions and visualized by ChemiDoc XRS + system (Bio-rad, USA).
Immunofluorescence microscopy
The primary fibroblast cells were obtained from the newborn rats as described above and plated on poly-Llysine coated coverslip, washed with PBS twice, fixed in 4% paraformaldehyde in PBS for 30 minutes and permeabilized in 0.1% Triton X-100 in PBS for 5 minutes at RT. Nonspecific binding sites were blocked with 5% BSA in PBS (incubation buffer) for 30 minutes and the primary FH antibody was incubated overnight at 4°C. On the following day after extensive washings with PBS, the corresponding secondary FITC-labelled antibody was added and incubated with the cells for 1 h. Cells were then washed and stained with Hoechst33342 for nuclear visualisation. Confocal images were then obtained using the microscope Olympus FV1200 (Olympus, Japan).
Laboratory blood examinations
Rats were anesthetized with 10% chloral hydrate after having fasted overnight and the blood samples were obtained from the abdominal aorta before euthanized. 
